The genesis of toxigenic Vibrio cholerae involves acquisition of CTX, a single-stranded DNA (ssDNA) filamentous phage that encodes cholera toxin (CT). The phage exploits host-encoded tyrosine recombinases (XerC and XerD) for chromosomal integration and lysogenic conversion. The replicative genome of CTX produces ssDNA by rolling-circle replication, which may be used either for virion production or for integration into host chromosome. Fine-tuning of different ssDNA binding protein (Ssb) levels in the host cell is crucial for cellular functioning and important for CTX integration. In this study, we mutated the master regulator gene of SOS induction, lexA, of V. cholerae because of its known role in controlling levels of Ssb proteins in other bacteria. CTX integration decreased in cells with a ⌬lexA mutation and increased in cells with an SOS-noninducing mutation, lexA (Ind ؊ ). We also observed that overexpression of host-encoded Ssb (VC0397) decreased integration of CTX. We propose that LexA helps CTX integration, possibly by fine-tuning levels of host-and phage-encoded Ssbs.
C
TX is a lysogenic filamentous phage encoding cholera toxin (CT). The phage introduces its single-stranded DNA (ssDNA) genome into Vibrio cholerae and integrates site specifically at dif1 and/or dif2 using two host-encoded tyrosine recombinases, XerC and XerD (1) (2) (3) (4) (Fig. 1) . The ϳ7.0-kb genome of CTX is organized into two modules, called RS2 and core (5) . The functions of RstA and RstB, which constitute part of the RS2 region, are crucial for rolling-circle replication and integration, respectively (5) . Core region-encoded proteins are indispensable for phage morphogenesis and CT production (1) . In toxigenic isolates of V. cholerae, tandem repeats of the CTX prophage are often found in either one or both chromosomes (6) . Several functions encoded by the host and phage genomes, including ssDNA binding proteins (Ssbs) that bind to linear or folded ssDNA, play an important role in CTX integration. The phage and related mobile genetic elements contribute significantly to the plasticity of the V. cholerae genome and provide important functions to the host that are involved in different genetic processes, including DNA replication, recombination, and repair (7, 8) . RstB, a phageencoded ssDNA binding protein, plays an important role in phage lysogeny. The role of RstB in CTX integration is possibly related to maintenance of the folded ssDNA structure of its purine-rich (ϩ)attP. The (ϩ)attP is a forked hairpin structure formed by the ϳ150-bp region including attP1 and attP2 in the (ϩ)ssDNA genome of CTX (5, 9) . Among others, RecA and Ssb (VC0397) are two important host-encoded ssDNA binding proteins that are crucial for host biology (10, 11) . RecA and its homologues are ubiquitous in all forms of life and recognize ssDNA and damaged double-stranded DNA (dsDNA) species to form nucleoprotein filaments and promote recombination between two homologous DNA molecules (12) . Purine-rich DNA sequences and folded secondary structures formed due to intrastrand base pairing of ssDNA are two major constraints to RecA polymerization (13) . In contrast, Ssb has high affinity for all the species of ssDNA and plays major role in upholding linear ssDNA structure during replication by preventing intrastrand DNA base pairing (14) . Interestingly, all three genes encoding RstB, RecA, and Ssb belong to LexA regulon and carry an "SOS box" in their promoter regions. Their expression levels are tightly repressed, moderately repressed, or derepressed by LexA, depending on the level of ssDNA species in the cell (15, 16) .
LexA directly or indirectly participates in DNA damage repair, stabilizes the replication fork, inhibits cell division, and plays a central role in the bacterial SOS response (17, 18) . The LexA protein contains two distinct domains: an N-terminal winged helixturn-helix DNA binding domain and a C-terminal interactive and latent protease domain (7, (17) (18) (19) . In Escherichia coli and other gammaproteobacteria, LexA binds to a 16-bp-long DNA sequence consisting of a palindromic motif, 5=-TACTGT(AT) 4 ACAGTA-3=, of more than 40 genes (20) . The derepression of SOS-inducible genes is typically induced by elevated level of ssDNA species in the cytosol. RecA becomes activated once it binds to Mg 2ϩ ions and ATP and polymerizes on ssDNA to form the right-handed helical nucleoprotein helix (21) . In E. coli, RecA-DNA-ATP filament induces autocatalytic protease activity of LexA, which introduces a specific cleavage in its Ala84-Gly85 peptide bond. This inactivates the repressor and induces expression of SOS-inducible genes. Not all ssDNA species induce the SOS response.
We conducted genetic and molecular studies to gain insights into the molecular mechanisms that allow the SOS master regulator LexA to manipulate expression of different genes in the presence of the folded ssDNA genome of CTX and influence the integration of CTX in V. cholerae. We constructed several V. cholerae reporter strains to monitor the specificity and efficiency of CTX integration in ⌬lexA or lexA (Ind Ϫ ) cells. In E. coli and other bacteria, RecA-induced autocleavage of LexA takes place in its flexible loop region linking the N-terminal DNA binding domain and the C-terminal dimerization domain. Cleavage removes LexA from the promoter regions of its target genes and derepresses SOS genes. In V. cholerae, LexA cleavage takes place between Ala91 and Gly92 (22) . Substitution of either residue disrupts cleavage and creates noncleavable (Ind Ϫ ) LexA protein. We constructed lexA (Ind Ϫ ) V. cholerae strains to explore the integration efficiency of CTX in an SOS-noninducing environment. We further dissected the efficiency of CTX integration in the presence or absence of RecA, RstB, and Ssb proteins in different V. cholerae cells. Finally, we determined the pathway by which LexA promotes integration of CTX and possibly other ssDNA phages in V. cholerae and related bacterial cells.
MATERIALS AND METHODS
Bacterial strains, plasmids, phages, and growth conditions. Relevant characteristics of the genetically modified V. cholerae strains, phages, and plasmids used in this study are listed in Tables 1 and 2 . All V. cholerae strains are derivatives of whole-genome-sequenced strain N16961. Recombinant vectors were derived from either ColE1-or R6Kori␥-carrying plasmids. Both V. cholerae and E. coli strains were grown under shaking or static conditions at 37°C in Luria-Bertani (LB) medium unless otherwise indicated. The antibiotics ampicillin (100 g/ml), kanamycin (40 g/ml), chloramphenicol (3 g/ml), streptomycin (100 to 1,000 g/ml), and rifampin (Rif) (1 g/ml) were added when required. Overexpression of Ssb from an arabinose-inducible promoter was induced by the addition of 0.1% arabinose. The CTX::Cm virion was isolated from engineered dif1-and dif2-deficient V. cholerae BS2 cells.
Construction of isogenic mutants. Construction of isogenic ⌬lexA, lexA (Ind Ϫ ), and other relevant V. cholerae cells was performed by sequential integration/excision methods using derivatives of suicide vectors carrying rpsL or sacB as a counterselectable marker (Table 2) . Recombinant vector pBS52, a derivative of suicide vector pKAS32 carrying the ⌬lexA:: aph1 allele, was used for the construction of the ⌬lexA V. cholerae strain ( Table 2 ). The vector was introduced into V. cholerae by conjugation, and transconjugants were selected in the presence of ampicillin. Excision of the native allele with plasmid backbone was confirmed by PCR and DNA sequencing. Relevant phenotypes of lexA mutants were confirmed based on a previous report (23) . Although E. coli ⌬lexA is not viable in a wildtype (wt) genetic background, this phenotype is different for V. cholerae strain N16961. Similarly, an SOS-noninducing V. cholerae strain was constructed by using suicide vector pBD32, a derivative of pKAS32 carrying the lexA (Ind Ϫ ) allele (Table 2 ). PCR and DNA sequencing confirmed the genotype of lexA (Ind Ϫ ) V. cholerae. Markerless deletion of recA gene was carried out using suicide vector pDA2, a derivative of pDS132 carrying upstream and downstream regions of recA of V. cholerae strain N16961 (Table 2 ). Both the genotype and phenotype of N16961⌬recA derivative strain AP7 were confirmed by PCR using primers P152-P153 (Table 3) and UV sensitivity assays, respectively.
Construction of recombinant vectors. For the deletion of the lexA gene, recombinant vector pBS52 was constructed in the following way. First, a 2.2-kb lexA region carrying the lexA open reading frame (ORF) and 600-bp upstream and downstream sequences was amplified from the chromosome of N16961 using primer pair P148-P149 (Table 3) , and the amplified product was cloned into EcoRI-digested pSW23T to generate the recombinant vector pBD3. pBD3 was PCR amplified using primers (Table 3) , and the amplified product was digested with NsiI. The kanamycin resistance gene cassette (aph1) was digested out from pUC4K (Table 2) with PstI and cloned into NsiI-digested pBD3. The resulting vector was named pBD51. The ⌬lexA::aph1 allele was digested from pBD51 with EcoRI and cloned into similarly digested suicide vector pKAS32 to create the allele replacement vector pBS52 (Table 2) . Similarly, an inverse PCR method was used to introduce the A91D mutation in pBD6 to develop the lexA (Ind Ϫ ) allele. First, the Ala91-encoding codon (GCG) of the lexA gene was replaced by an Asp-encoding codon (GAU) using primers P309-P310 (Table 3 ). The lexA (Ind Ϫ ) allele was confirmed by DNA sequencing. Subsequently, the lexA (Ind Ϫ ) allele was transferred from pSW23T to suicide vector pKAS32 to develop pBD32 (Table 2) . Suicide plasmid pDA2 carrying upstream and downstream regions of recA of V. cholerae was constructed by the following method. First, upstream and downstream regions of recA were amplified from BS11 using primers P178-P179 (Table 3 ). The amplified product was digested with XbaI-SacI and cloned into similarly digested cloning vector pUC18. The resulting vector was named pBD79 (Table 2) . Then, the upstream and downstream regions of recA were transferred into suicide vector pKAS32 by using XbaI-SacI. The newly developed vector was designated pDA2 (Table 2) . Reporter plasmid pAP1 carrying the E. coli ␤-galactosidase-encoding gene lacZ ec fused with the recN vc promoter was constructed by using our previously reported plasmid pBD63 ( Table 2 ). The recN vc promoter was amplified from the N16961 genome using primers P367-P368 (Table 3) and fused with the lacZ ec ORF using PstI-SalI. The fusion was confirmed by DNA sequencing, and the plasmid was named pAP1. The chloramphenicol resistance gene cassette, cat, along with R6Kori␥ and RP4 was inserted in the CTX genome between the ctxB gene and attP1 site by sequential cloning. The CTX genome was obtained from the N16961 chromosome by PCR, and fusion was done with the help of EcoRI-SalI. PCR and DNA sequencing confirmed recombinant CTX::Cm.
Transformation, conjugation, and electroporation. Rubidium chloride-treated E. coli cells were used for transformations. Conjugation was done between diaminopimelic acid (DAP) auxotroph E. coli ␤2163 donors and wt or mutant V. cholerae cells on 0.44-m sterile filter paper. The conjugation plate was supplemented with 0.3 mM DAP. Exponentially growing (optical density at 600 nm [OD 600 ] of ϳ0.3) donor and recipient cells were mixed in a 1/2 ratio and incubated at 37°C overnight. Conjugants were selected based on antibiotic resistance traits of conjugative plasmids and DAP auxotrophy of donor cells. At least 500 ng plasmid DNA was used for electroporation. Both the competent cells and plasmids were resuspended in G buffer (137 mM sucrose, 1 mM HEPES, pH 8.0). Electrocompetent cells (40 l) were mixed with plasmid DNA in a prechilled microcentrifuge tube (MCT) and transferred to a 0.1-cm electroporation cuvette, and electroporation was done at 1,400 V for a ϳ5-ms pulse.
In vivo integration assays. E. coli ␤2163 donors and V. cholerae recipients were grown to early log phase (OD 600 of 0.3) and mixed in a 1/2 ratio in LB supplemented with 0.3 mM, DAP and the mixtures were spotted on the top of a sterile 0.44-m filters paper placed on a nutrient-rich Luria agar (LA) plate and incubated for 3 h. Conjugants were selected based on the resistance trait of plasmid and DAP auxotrophy. The specificity of CTX::Cm and its truncated derivatives pBS66 and pBD60 was checked Deletion of recA GGCGAGCTCCCGACGTTTTCTAGGTCGTTG by using X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) on the selection plate. Efficiency of integration of CTX::Cm, RS2::Cm (pBS66), and RS1::Cm (pMEV30) was measured at 37°C after 8 h of growth in LB supplemented with appropriate doses of antibiotics. In the case of Ssb-inducible strains, Ssb production was induced for 3 h in liquid culture with 0.1% arabinose before plating. ␤-Galactosidase activity assays. ␤-Galactosidase activity in the cell lysates of V. cholerae reporter strains was measured using a ␤-galactosidase enzyme activity detection kit (Sigma, USA). Briefly, different reporter strains were grown in LB medium at 37°C under shaking conditions until the culture OD 600 reached ϳ0.6. Next, 0.5 ml of culture was centrifuged to collect the cell pellet. The cells were washed in Z buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , pH 7.4) and lysed with kit-provided lysis buffer. o-Nitrophenyl ␤-D-galactopyranoside (ONPG) was added to the cell lysate and incubated at 37°C until yellow color became apparent. The reaction was stopped by the addition of 1 M sodium bicarbonate solution. ␤-Galactosidase enzyme activity was measured according to the instructions of the ␤-galactosidase enzyme activity assay kit manufacturer (Sigma, USA).
Detection of Rif-resistant cells. V. cholerae strains were grown overnight in LB supplemented with a sub-MIC (0.01 g/ml) of rifampin (Rif). The cultures were washed in M9 minimal medium. Appropriate dilutions of resuspended cells were plated on LA plates supplemented with the MIC of Rif as reported previously (23) .
UV sensitivity assay. The UV sensitivity assay for all the reporter strains was performed as described previously (15) . Briefly, V. cholerae cells were grown to early log phase (OD 600 of ϳ0.4), and serial dilutions of cultures were plated on LA medium. Plates were exposed to UV at 0 to 40 J/m 2 for 15 s in the absence of light and incubated in the dark at 37°C for 16 h. The numbers of colonies on irradiated and nonirradiated plates were counted, and ratios were calculated.
RESULTS
Construction and characterization of isogenic ⌬lexA and lexA (Ind ؊ ) V. cholerae reporter strains to monitor CTX integration. Since CTX can replicate and integrate in the chromosome of V. cholerae, we sought to develop an assay to distinguish cells carrying either integrative or replicative phage DNA. To this end, we selected genetically engineered cells of V. cholerae (BS1) carrying a functional lacZ::dif1 allele at the replication terminus region of large chromosome (3). We then deleted the chromosomal lexA gene from BS1 by the allele replacement method (Fig. 2A) . Similarly, we created an SOS-noninducing lexA allele [lexA (Ind Ϫ )] by replacing alanine with aspartic acid (A91D) at the Ala91-Gly92 peptide bond position in V. cholerae LexA. Relevant genotypes of ⌬lexA and lexA (Ind Ϫ ) cells were confirmed by PCR and DNA sequencing (Fig. 2B) . Phenotypes of both types of cells were confirmed by measuring development of antibiotic resistance in the presence of a sub-MIC of Rif (Fig. 2C) . The sub-MIC of Rif (0.01 g/ml) was chosen as the concentration 100-fold lower than the MIC (1 g/ml) for V. cholerae. The sub-MIC of Rif induces the bacterial SOS response and stimulates mutagenesis through the activation of errorprone DNA polymerase (DinB/VC2287), as reported previously (23) . We observed that ⌬lexA V. cholerae cells developed about 15-fold-higher levels of Rif r CFU than lexA (Ind Ϫ ) cells (Fig. 2C) . We also measured the survival ability of wt, ⌬lexA, and lexA (Ind Ϫ ) V. cholerae strains upon brief exposure to UV. Our data showed that SOSnegative BD14a [lexA (Ind Ϫ )] is highly sensitive to exposure to UV (Fig. 2D) . We further tested phenotypes of ⌬lexA and lexA (Ind Ϫ ) cells using reporter plasmid pAP1 (Table 2 ) carrying the lacZ gene The lexA loci of all three reporter strains were amplified by PCR and resolved in a 1% agarose gel. In the first lane, a 1-kb ladder was used to confirm the desired size of the amplicon. (C) Spontaneous mutation frequency after treatment with a sublethal concentration of rifampin. All three strains were grown overnight in LB supplemented with 0.01 g/ml rifampin and plated on appropriate selection plates. The mutation frequency, corresponding to the rifampin-resistant CFU, was calculated based on the total number of CFU. (D) UV sensitivity assay of different V. cholerae strains engineered in this study. Serial dilutions of exponential cultures were subjected to a short exposure to UV. Frequency was determined based on the numbers of colonies on irradiated plates relative to those on nonirradiated plates. (E) Determination of the recN promoter activity after fusion to the lacZ reporter gene. The P recN -lacZ fusion was chromosomally integrated into the reporter strain at the dif1 locus using vector pAP1. Exponential-phase cultures (500 l) of V. cholerae were used to measure the ␤-galactosidase activity.
under the control of the V. cholerae recN promoter. We observed an ϳ2-fold reduction of ␤-galactosidase activity in lexA (Ind Ϫ ) cells compared to ⌬lexA cells (Fig. 2E) .
LexA deficiency affects CTX integration. We next investigated the specificity and efficiency of CTX integration in lacZdif1 reporter strains carrying different lexA alleles. First, a dif1-specific CTX carrying the conditionally replicating vector pSW23T (Table 2) between ctxB and the attP region was engineered and isolated from dif-deficient V. cholerae cells (Fig. 1) . The isolated CTX::Cm genome was used to infect all three reporter strains. The genome of CTX was introduced into V. cholerae cells by either conjugation or electroporation. The specificity and efficiency of integration were monitored by screening blue/ white colonies (Fig. 3) . All three reporter strains carrying the lacZdif1 allele express functional ␤-galactosidase and turn blue in the presence of X-Gal in the selection plate. Any integration event in the dif1 site of the lacZ-dif1 allele in the chromosome of V. cholerae disrupts ␤-galactosidase production, and thus the white colonies on selection plates represent the V. cholerae population carrying the CTX lysogen. We observed that compared to that in wt cells, there was a 2-fold reduction of CTX integration in lexA-negative strains ( Table 4 ). The reduced level of integration of CTX was not linked with morphogenesis proteins and virion production, because a similar level of reduction was observed when only the replication and integration module of CTX (RS2) was delivered in the same reporter strain ( Fig. 3; Table 4 ). We tested the statistical significance of reduced level of integration of RS2 in ⌬lexA V. cholerae cells using an unpaired t test with Welch's correction. We observed that the difference in integration efficiency is statistically significant between BS1 and BS20 (P ϭ 0.0035) and BD14 and BS20 (P ϭ 0.0011) but that the difference between BS1 and BD14 is not significant (P ϭ 0.067).
We further extended our analyses to find out whether the reduced level of integration was linked with the replication function of CTX. We removed the replication module of CTX and introduced only the integration module, attP, in V. cholerae cells carrying different lexA alleles (Fig. 3) . We observed that the efficiency of integration of (ϩ)attP CTX was also compromised in ⌬lexA V. cholerae cells (Table. 5 ). The sequential subtractions of different functional modules of CTX genome clearly indicated that repression by LexA is linked to the integration reaction and important for acquisition of CTX in the genome of the cholera pathogen.
Increased (؉)attP
CTX integration in the V. cholerae lexA (Ind ؊ ) mutant. LexA inactivation allows expression of several DNA binding proteins in SOS-positive cells. Some of these proteins have strong affinity to ssDNA and could influence CTX integration by altering the folded structure of (ϩ)attP of CTX. To address this possibility, we monitored the integration efficiencies of CTX, RS2, and (ϩ)attP CTX in SOS-noninducing V. cholerae reporter strains. In SOS-noninducing cells, LexA cleavage was impeded by introducing an A91D change in the protein because Ala91 contributes to the formation of the Ala91-Gly92 scissile peptide bond. Surprisingly, the integration efficiency of attP(ϩ) of CTX was greatly increased in lexA (Ind Ϫ ) V. cholerae cells (Table 5 ). This is in marked contrast to the integration efficiency
Conjugation
Integration Selection CTX and its derivatives carrying the replicative (RS2) or only the integrative (attP) module were fused with a conditionally replicative vector pSW23T carrying the origin of transfer (RP4) and chloramphenicol resistance traits (Cam). Genomic DNA of CTX::Cm or its derivatives was isolated from dif-deficient BS2 V. cholerae cells and were introduced into pir-carrying ␤2163 E. coli cells. CTX::Cm was introduced into lacZ-dif1 reporter strains by conjugation or electroporation. Integrations were monitored at 37°C by screening blue/white colonies on selection plates supplemented with X-Gal and antibiotics at appropriate doses. b Since all the plasmids carrying phage attachment sites were conditionally replicative, the integration frequency was estimated by counting numbers of white colonies on the selection plates and the total number of conjugants was obtained using a replicative plasmid carrying a similar genetic backbone without attP. The standard deviation was calculated from at least three independent experiments. of (ϩ)attP of CTX in wt and ⌬lexA V. cholerae cells (Table 5) .
Although the integration efficiency of CTX and the RS2 element is slightly increased in SOS noninducing cells, the differences of their integration efficiency between SOS-inducing and -noninducing cells are not distinct like for (ϩ)attP of CTX (Table 4) . Stimulation in the lexA (Ind ؊ ) mutant is linked to ssDNA integration of CTX. A crucial step in CTX integration is that the ssDNA genome needs to fold into a stem-loop structure to mimic the double-stranded DNA binding site of XerC and XerD ( Fig. 1) (24) . The increase and decrease of integration efficiency of CTX in lexA (Ind Ϫ ) and ⌬lexA cells, respectively, may be linked to the ssDNA substrate or to the recombinase activity. To assess such possibilities, we introduced the integration modules of two related ssDNA filamentous phages, VGJ and TLC (Fig. 4) . Like CTX, both the phages use the same host-encoded XerC and XerD recombinases, but their integration in the chromosome of the cholera pathogen relies on the double-stranded attP substrates (25, 26) . We observed that integration of VGJ and TLC is not increased in lexA (Ind Ϫ ) V. cholerae cells (Table 5 ). In contrast, the integration efficiency of VGJ or TLC was increased in ⌬lexA V. cholerae cells (Table 5 ). Since integration of VGJ or TLC relies on its replicative dsDNA genome, these results indicate that LexA possibly helps only the ssDNA substrate for integration.
Integration of satellite phage RS1 also increases in lexA (Ind ؊ ) V. cholerae cells. Like CTX, the satellite filamentous phage RS1 also exploits the same host recombination machinery for lysogenic conversion. Although the attachment sites of the two phages are quite similar, their replication and morphogenesis modules are not. In contrast to the case for CTX, the replicationintegration module of RS1 encodes an additional function, RstC, which interacts with phage-encoded repressor RstR and plays important role in its life cycle. We monitored the specificity and efficiency of RSI integration in the presence or absence of the lexA or lexA (Ind Ϫ ) allele. We introduced the RS1::Cm genome into V. cholerae by conjugation, and integration was monitored after 8 h of incubation. Like that of CTX, RSI integration was also reduced in ⌬lexA cells (Table 6 ). In contrast, RS1 integration was slightly increased in lexA (Ind Ϫ ) cells (Table 6 ). The increase in integration of (؉) attP CTX in V. cholerae lexA (Ind ؊ ) is RstB and Ssb dependent. To gain insight into mechanisms by which LexA contributes to CTX integration, we focused on the three abundant ssDNA binding proteins, RecA, RstB, and Ssb, in toxigenic cholera strains. LexA tightly or moderately represses the expression of all three ssDNA binding proteins during normal physiological conditions (7, 27) . First, we compared CTX integration in RecA-positive and RecA-deficient V. cholerae cells ( Table 7) . We did not observe any drastic change of CTX integration in the presence or absence of RecA function (Table 7) . This could be due to the fact that RecA binds poorly to folded DNA structure and purine-rich DNA sequences, which are dominant features of the functional (ϩ)attP CTX structure. We then used wt and ⌬rstB V. cholerae cells to monitor the integration of (ϩ)attP CTX in the presence and absence of RstB. We observed a 10-fold reduction in (ϩ)attP CTX integration in the absence of RstB (Table 7) .
Ssb is an essential protein; hence, deletion of the gene encoding the protein is not possible. To overcome this issue, we overexpressed Ssb (VC0397) in the reporter strain and monitored (ϩ)attP CTX integration. Overexpression was done from an arabinose-inducible promoter. We observed that in the absence of RstB, Ssb overexpression completely abolished (ϩ)attP CTX integration ( Table 7) . The presence of RstB partially compensated for the deleterious effect of Ssb in (ϩ)attP CTX integration (Table 7) . We conclude that LexA possibly helps CTX integration in V. cholerae strains by maintaining the optimal level of Ssb under normal physiological conditions.
DISCUSSION
In toxigenic V. cholerae, two most important traits, CT production and antibiotic resistance, which are directly linked to the fitness of the pathogen, are acquired as ssDNA of CTX (2, 28) . Once inside the cell, ssDNA elements of both traits form folded structure and provide recognition sites for tyrosine recombinases to catalyze the integration reaction (29) . Both the ssDNA genome and the folded structure of the CTX genome are essential for its chromosomal integration. Bacterial cells, including V. cholerae, encode several a The integration frequency was determined as described for Table 5 . The standard deviation was calculated from at least three independent experiments. ssDNA binding proteins with different specificities and affinities to their ssDNA substrates (16) . Different genes encoding ssDNA binding proteins are derepressed during SOS induction. SOS induction is a well-studied cellular process, and it is crucial for bacterial genome plasticity. In light of recent studies, it is becoming clear that in bacteria the SOS response makes substantial contributions to acquisition and dissemination of virulence factors, emergence of pathogens with multiple drug resistance, and survival of bacteria upon exposure to harsh environmental conditions (7). In CTX lysogens of V. cholerae, RecA, Ssb, and RstB are three most important ssDNA binding proteins and are crucial for genome plasticity and integrity. While RecA is important for the maintenance of genomic integrity and plasticity, Ssb is crucial for genome duplication (30) . RstB, a phage-encoded ssDNA binding protein, is crucial for integration of CTX (9) . The SOS master regulator LexA represses all three proteins at different levels under normal physiological conditions. To explore the mechanism, we introduced complete or truncated derivatives of CTX into ⌬lexA or lexA (Ind Ϫ ) V. cholerae cells. We observed that for both versions of CTX, integration efficiency was compromised in the absence of LexA. To rule out the possibility that the reduced level of integration was linked to neither the morphogenesis module nor the replication module, we performed further analysis using only the integrative module of CTX. Higher levels of reduction of (ϩ)attP CTX integration were observed in SOS-induced cells. This inference is further strengthened by the observation that integration increases severalfold in the presence of noncleavable LexA (Table 5) .
This increase was limited to only the ssDNA mode of integration. Several other vibriophages, such as VGJ, VSK, and TLC, also exploit the same host recombinases to integrate into the dif1 site of V. cholerae chromosome. We extended our analysis to understand whether the recombinases or substrate for the same attP of other vibriophages are influenced in the absence of lexA or in the presence of the lexA (Ind Ϫ ) allele in the reporter strains. We observed that such LexA effects were limited to only CTX and its ssDNA (ϩ)attP CTX sequence. Since (ϩ)attP CTX has no SOS box, we suggest that the decrease or increase of repression or induction associated with the lexA-negative or lexA (Ind Ϫ ) cells, respectively, is possibly linked to the differential expression of some of the ssDNA binding protein-encoding genes belonging to the LexA regulon.
For the above reason, we created several derivatives of V. cholerae reporter strains and showed that overexpression of Ssb drastically reduced the efficiency of (ϩ)attP CTX integration. Similarly, like others, we also observed that the presence of RstB promotes (ϩ)attP CTX integration. In vivo, RstB might compete with Ssb and help (ϩ)attP CTX in maintenance of the double-fork hairpin structure, which is crucial for CTX integration. It is interesting to note that although LexA represses both genes, the repression levels are not identical for the two. After infection, the ssDNA genome of CTX converted to replicative double-stranded DNA (dsDNA). V. cholerae cells maintain several copies of replicative CTX genomes, and hence there are multiple copies of rstB genes. This possibly helps the phage to produce an adequate amount of RstB to compete with Ssb. This scenario is not similar to production of the extrachromosomal CTX genome from the integrated phage genome. Derepression of RstA is crucial for CTX production, and thus LexA cleavage favors prophage replication (22) , (27) .
On the other hand, our results show that the presence or absence of RecA does not significantly influence (ϩ)attP CTX integration. Several studies demonstrated that the affinity of RecA for purine-rich DNA sequence, which is very dominant in the spacer region of (ϩ)attP CTX , and folded ssDNA is very poor. Both features limit RecA-ssDNA nucleoprotein filament formation (13) . The RecA-ssDNA nucleoprotein filament is essential to induce the latent protease activity of LexA for its autocleavage and for initiation of the SOS response. This could possibly explain how the ssDNA genome of CTX bypasses the cellular SOS response and integrates efficiently in the chromosome.
Conclusion. This study has revealed that in contrast to most other ssDNA filamentous phages, CTX makes use of the LexA repressor for efficient lysogenic conversion of the host. The purine-rich folded (ϩ)attP CTX structure possibly limits RecA binding, and thus, in the absence of RecA-ssDNA-ATP nucleoprotein filament, LexA keeps repressed the expression of several DNA repair proteins, including Ssbs, and helps CTX integration. LexA also represses expression of RstB, but due to multiple copy numbers of the replicating genome of CTX, its optimal level is possibly not limited.
